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Abstract 
This work describes a Combined Simulation System (CSS) able to predict the electrical behaviour of a metal 
electrode in contact with an electrolyte. The system is based on a mixture of Lumped Parameters Equivalent 
Electrical Circuits (LPEEC) and Pseudo-Distributed Elements (PDE): a PDE is a network of basic equivalent 
electrical circuits, e.g. resistor and capacitor parallels, in which a geometrical information can be retained. 
Electrochemical Impedance Spectroscopy (EIS) measurements have been performed on a standard solution of known 
electrical conductivity with Micro-Electrodes Array (MEA) devices in order to investigate set-up parasitic elements 
and electrochemical interfaces parameters. CSS performance has been compared to usual LPEEC fit approach in 
terms of both results accuracy and solving time. 
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1. Introduction 
During the design process of microelectronic devices for biological and biomedical applications it is 
necessary to quickly simulate the electric response of heterogeneous systems, e.g. microelectrodes in 
contact with aqueous electrolytes with adherent living cells [1]. The simulation of electrodes polarization 
layers and cell membranes, i.e. the so called “thin layers”, often implies the use of large amounts of 
computational resources and time [2]. The usual modeling strategy adopted to avoid these problems is 
depicted in Fig. 1: the approach is to evaluate PDEs for larger domains like electrolytes or cells cytoplasm 
[3] and simulate them along with LPEECs related to thin layers [4,17] to obtain heterogeneous systems 
electrical response [5]. 
 
 
 
 
 
 
Fig. 1. Schematization of CSS modeling strategy: the overall system impedance is modeled with a PDE for electrolyte and LPEECs 
for electrode/electrolyte interfaces and measurements set-up parasitic elements. 
CSS processing steps have been described in detail in [6] and will be here briefly reviewed: COMSOL 
is used to create the mesh of the geometry to be simulated without thin layers; MATLAB routines create 
the mesh-based PDE and generate a netlist of the whole system equivalent electric circuit, including thin 
layers; HSPICE simulates the netlist and evaluate the electrical response of the complete equivalent 
circuit, both in frequency and time domains.  
2. Materials and methods 
Test devices consist of Ayanda MEA60 100 Au microelectrodes arrays. Each circular microelectrode 
has a radius re of 15 Pm and a chamber volume of about 1500 PL. MEA devices have been used to study 
both the effects of parasitic elements and electrolyte electrical impedance variation as a function of the 
distance between sensing sites. Fig. 2 describes two fundamental parameters of this work: the minimum 
center-to-center distance of microelectrodes matrix, i.e. d0, and the minimum center-to-center distance 
between adjacent contact pads, i.e. D0. These parameters have been used as units for microelectrodes 
pairs distance d and contacted pads distance D. 
 
 
 
 
 
 
 
Fig. 2. (left) Ayanda MEA matrix; (right) Ayanda MEA device. 
EIS measurements have been performed on microelectrodes matrix using a Solartron SI 1260 
Impedance Gain/Phase Analyzer and a custom LabVIEW 2010 control and data acquisition software. The 
electrochemical cells were two kinds of bipolar set-ups: one had MEA microelectrodes as working 
electrode and an Ag|AgCl|KCl 1 M as reference electrode (CH111, CH Instruments), while the other had 
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MEA microelectrodes as both working and reference electrodes. Micropositioned conductive probes 
(Wentworth Laboratories) have been used to contact MEA external pads. Both have been connected to 
Solartron front-end by standard 95 cm length, 50 : BNC connectors (Pomona). During EIS 
measurements MEA devices have been placed on a ground plane made of a copper plate. An insulating 
housing separated bottom part of devices from ground plane. Before performing EIS measurements, MEA 
devices have undergone a cleaning protocol based on sonication (Falc Instruments) with first hydrogen 
peroxide 3 % for 30 seconds and then with ethyl alcohol 90 % for 30 seconds. MEA were rinsed with de-
ionized water after each step. All reagents used during the cleaning protocol have been obtained from 
Sigma Aldrich. The standard solution ASTM D1125 (Ve = 0.141 S/m at 25 °C) used for EIS 
measurements has been provided by Titolchimica Pure Chemistry (Rovigo, Italy). 
For CSS implementation the following software has been used: MATLAB 2009 (The MathWorks), 
COMSOL Multiphysics 3.4 and HSPICE 2003 (Synopsys). All simulations have been processed by an 
HP Pavilion dv6 notebook with AMD Phenom II N620 Dual-Core Processor 2.80 GHz and 4 GB RAM. 
LPEEC fit analysis have been performed using ZVIEW 2.80 (Scribner Associated), with “Data-modulus 
weighting” option. 
Fig. 3 describes the domain simulated in this work, i.e. a cross-section of MEA devices chamber: in 
this way, the electrolyte can be represented by a single PDE and its basic equivalent electrical circuits 
parameters can vary their values with the distance from the working electrode, retaining the geometrical 
information carried by the mesh. 
 
 
 
 
 
 
 
 
 
Fig. 3. Mesh of simulated domain: (left) cross-section of MEA chamber; (right) zoom in the working (red dots)/reference (black 
dots) electrodes area for d = d0. In this work the electrolyte domain has been divided in two sub-domains: the green one has a finer 
mesh than the blue one (bulk solution). To create the overall netlist the CSS creates a basic LPEEC for each mesh edge. 
3. Modeling of parasitic elements 
3.1. Short circuit parasitic elements modeling 
In order to evaluate the short-circuit parasitic elements [7], EIS measurements have been performed 
after short-circuiting the microprobes. The resulting Bode diagram is shown in Fig. 5. From this figure 
can be seen that the self-inductive behavior of leads impedance starts from about 10 kHz. These data are 
well fitted by the equivalent electrical circuit of Fig. 4 (a) [20], that is made up of a series between a 
resistor RS = 0.24 : (fitting error: 0.39 %) and an inductance LS = 1.14 PH (fitting error: 0.74 %). 
 
 
 
 
Fig. 4. (a) short-circuit parasitic LPEEC ; (b) structure of LPEEC with both short-circuit and empty-chamber parasitic elements. The 
“Sample” box contains LPEEC of measured systems. 
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3.2. Open-circuit parasitic elements modeling 
The open-circuit parasitic elements [21] have been evaluated by performing high frequency EIS 
measurements, i.e. in the 100 kHz – 1 MHz range, on empty MEA devices using microelectrodes as both 
working and reference electrode. During the measurements, different combinations of d and D have been 
tested, according to devices interconnection patterns, obtaining in this way a map of the open-circuit 
electric impedance of the system as a function of the inter-electrodes distance and inter-pads distance. 
Fig. 6 depicts an example of EIS data obtained by measuring d = d0 microelectrodes couples and varying 
the position of the microprobes along the external connection pads. These sets of electrical impedances Z 
have been fitted using the LPEEC described in Fig. 4 (b): this circuit takes into account the previously 
determined short-circuit parameters along with the open-circuit ones, i.e. the resistor Rop and the 
capacitance Cop [8].  
 
 
 
 
 
 
 
 
Fig. 5. EIS measurements of short-circuited system with fit obtained from Fig. 4 (a) circuit. 
The empty chamber impedance sensed by microelectrodes couples has been approximated with a 
single capacitor Cair. Values for Cair have been determined using COMSOL three-dimensional 
simulations (AC/DC module, in-plane electric currents): in this case the simulated domain consists of a 
cylinder of air (Vair = 510-15 S/m, Hair = 1, height: 6 mm, base radius: 3 mm) with a couple of 
microelectrodes (diameter: 30 Pm, center-to-center electrodes distance: d) on the lower base. Table 1 
indicates Cair values as a function of d obtained from simulations.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Empty-chamber EIS measurements as a function of D (d = d0). 
By fitting empty-cell EIS data using the LPEEC of Fig. 4 (b) and the values for Cair listed in Table 1, it 
has been possible to determine a distribution of open-circuit equivalent electrical parameters values as a 
function of d and D (see Fig. 7 and 8). The analytical functions for Cop and Rop have been obtained using 
MATLAB Surface Fitting Toolbox and can be expressed as polynomial sums as follows: 
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P = [p00 p01 p02 ; p10 p11 p12]   ,   Q = [1 D D2 ; d dD dD2]   ,   S = sum(sum(PQ))  (1) 
 
where P is a 2-by-3 numerical coefficients matrix, Q is a 2-by-3 distances matrix and S = {Cop, Rop}. With 
the coefficients P listed in Table 2 the goodness of fit indicator R2 for Cop is 0.9493 and for Rop is 0.8665. 
Table 1. Simulation results of empty-chamber capacitance. 
Simulated d 1d0 2d0 3d0 4d0 5d0 6d0 7d0 
Cair (fF) 0.2862 0.2718 0.2674 0.2653 0.2642 0.2630 0.2652 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Example of empty-chamber parasitic elements behavior: (left) as a function of D over D0 with d = 2d0; (right) as a function 
of d over d0 with D = 15D0. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Empty-chamber parasitic elements of Fig. 4 (b): (left) Cop; (right) Rop. 
Table 2. Coefficients for equations (1). 
Coefficient  p00 p01 p02 p10 p11 p12 
Cop 1.25610-12 -6.10410-11 8.36410-10 -3.22510-10 5.23010-9 0 
Rop 2539 8.516107 -5.303106 2.459107 -9.221108 0 
4. Modeling of electrochemical interfaces and electrolyte 
4.1. EIS measurements on standard solution using Ag/AgCl reference electrode 
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In order to retrieve the electrode/electrolyte interface parameters, EIS measurements have been carried 
out on gold microelectrodes using Ag/AgCl reference electrode and standard ASTM D1125 solution. The 
reference electrode has been chosen due to its non-polarizable features [9] that lead to moderate effects on 
system electrical impedance. EIS stimulation voltages have been set to 0 V and 10 mV of bias and 
amplitude, respectively. These values ensure to keep the system in the linear response domain [10,19].  
The LPEEC used for EIS data processing is described in Fig. 9. The structure of this model is the one 
depicted in Fig. 4 (b) where the “Sample” impedance has been substituted with a common Randles circuit 
[11]: it consists of the double layer capacitance Cdl, the charge transfer resistance Rct, the electrolyte 
resistance Rm and the constant phase element CPE with electrical impedance (j2πf)-nCW-1, where f is the 
EIS sinusoidal stimulus frequency. Rt represents the ohmic resistance of gold interconnections between 
contacted pad and corresponding microelectrode. This resistance has been evaluated to be Rt = 1.43 : by 
considering the average values for devices interconnections dimensions [12] and VAu = 4.52107 S/m for 
gold electric conductivity. Fig. 10 shows EIS measurements data and the result of fit process by keeping 
Ls and Rs to the previously determined values. Fitting results are listed in Table 3: the fitted value for Rm 
is in good agreement with the usual spreading resistance formula for circular electrodes [13], i.e. Rm = 
(4Vere)-1 = 118.2 k:. Moreover, the fitted value for Cm leads to the common double-layer charge density 
for gold electrodes of Cm(πre2)-1 = 0.1 pF/Pm2 [14]. 
 
 
 
 
 
Fig. 9. LPEEC for Ag/AgCl reference electrode set-up EIS data processing.  
 
 
 
 
 
 
 
 
 
 
Fig. 10. EIS measurements of ASTM D1125 standard solution with fit obtained from Fig. 9 circuit. 
Table 3. Parameters values for Fig. 9 circuit: fitting of ASTM D1125 standard solution. 
Parameter Cdl (pF) Rct (M:) CW (pF) n (1) Rm (k:) Rt (:) Rop (k:) Cop (pF) 
Value 68.26 4.09 57.96 0.9358 117.8 1.429 17.72 6.28 
Fit error (%) 3.4 4.1 2.6 0.8 0.6 - 3.9 1.6 
4.2. EIS measurements using microelectrodes as both working and reference electrodes 
In order to determine the impedance variations laws with the distance from the working electrode l, the 
standard electrolyte has been measured using several couples of microelectrodes with different inter-
electrodes distances d. EIS results are shown in Fig. 11, where can be seen that the impedance magnitude 
increases as d increases. Electrical stimulus parameters, i.e. bias and amplitude, are the same of the 
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Ag/AgCl reference electrode set-up. EIS data sets of Fig. 11 have been fitted using a LPEEC with the 
same parasitic structure of that in Fig. 4 (b) and using as “Sample” impedance model the circuit of Fig. 12 
(a) that consists of a double Randles equivalent circuit [15]. The electrolyte is represented by a parallel 
between the spreading resistance Rm and a capacitor Cm. All the empty-chamber parasitic parameters have 
been evaluated using (1) and the short-circuit ones have been fixed to Rs and Ls. The results of fitting 
process for various d are depicted in Fig. 13, where can be seen that the interfacial parameters Cdl and Rct 
exhibit an increase in their impedance with d, while the diffusion-related CPE is constant on average with 
low standard deviation [18], and its values are consistent with those obtained from the Ag/AgCl reference 
electrode set-up.  
 
 
 
 
 
 
 
 
 
 
Fig. 11. EIS measurements of ASTM D1125 standard solution as a function of d. These data sets have been obtained by measuring 
the electrolyte using microelectrodes as both working and reference electrode. 
 
 
 
 
Fig. 12. (a) LPEEC for microelectrode-vs-microelectrode EIS measurements processing; (b) a PDE substitutes electrolyte LPEEC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Behavior of Fig. 12 LPEEC fitted parameters as a function of d over d0. 
4.3. Electrolyte PDE 
The mathematical incremental laws for PDE implementation have been deduced from the behavior of 
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the center of the working electrode P0(x=0,y=0) of two given mesh points P1(x1,y1) and P2(x2,y2) is 
defined as l1 = (x12+y12)0.5 and l2 = (x22+y22)0.5. The CSS implements a basic dipolar LPEEC between P1 
and P2 that in this work has the topology of a parallel between a capacitor ΔCm and a resistor ΔRm. The 
functions for ΔCm(l1,l2) and ΔRm(l1,l2) have been at first imposed to have the same structure of Cm(d) and 
Rm(d), i.e. 
 
ΔCm(l1,l2) = g1|l1 – l2| + g2    ,   ΔRm(l1,l2) = h1|l1 – l2|h2 + h3    (2) 
 
where {g1,g2} and {h1,h2,h3} are the parameters listed in Table 4 for the mathematical fit of Cm and Rm 
respectively. By implementing (2) through the CSS, PDEs are created as networks of basic LPEEC with 
parameters ΔCm and ΔRm that are function of the Euclidean position in the mesh with respect to the center 
of the working electrode, conventionally considered as origin of the Euclidean axes (see Fig. 3). The 
LPEEC of Fig. 12 (a) can be therefore substituted with the one of Fig. 12 (b) in which the electrolyte 
electrical parameters are expressed by a PDE. 
Table 4. Mathematical fit of Fig. 13 parameters. 
Parameter, d (m) Cdl = ad + b (F) Rct = ad + b (:) CW = a ± b (F) n = a ± b (1) Cm = ad + b (F) Rm = adb + c (:) 
a -2.710-8 2.5109 6.210-11 0.9367 -7.710-10 1.51012 
b 1.210-10 1.5106 0.910-11 0.01 1.210-12 2.313 
c - - - - - 1.7105 
R2 0.9913 0.9789 - - 0.9798 0.9832 
5. Results and discussion 
Fig. 14 describes a comparison between LPEEC fitting results and CSS simulation results for 
electrolyte parameters: as can be seen the approximated incremental functions (2) lead to an overall PDE 
electrical impedance that slightly deviates from LPEEC fitting results. Table 5 lists these variations 
between fitted and simulated electrolyte parameters. 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Electrolyte parameters obtained from LPEEC (see Fig. 13) and from CSS as a function of d over d0: (left) Cm; (right) Rm. 
Table 5. CSS response deviations. HS = 100|SLPEEC - SCSS| / SLPEEC with S = {Cm,Rm}. 
 1d0 2d0 3d0 4d0 5d0 6d0 7d0 
εCm (%) 23.6 9.0 0.7 0.1 6.2 12.2 20.6 
εRm (%) 14.2 4.8 16.1 22.2 16.8 13.9 8.5 
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The deviations εCm and εRm introduced by CSS approximated incremental laws cause a variation in the 
goodness of EIS measurements fit. To assess this impact, EIS data of Fig. 11 have been fitted using the 
“Sample” model of Fig. 12 (b) and the resulting Normalized Residual Sum of Squares (NRRS) [16] have 
been compared to that of LPEEC approach of Fig. 13.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15. NRSS for electrical impedance Z simulated using LPEEC approach and CSS compared to EIS data of Fig. 11: (left) 
impedance magnitude; (right) impedance phase. Inter-electrodes distances normalized over d0. 
CSS time performance have been evaluated through the simulation of the geometry of Fig. 3 with 
different mesh densities, i.e. with different numbers of mesh elements. The number of triangular mesh 
elements is strictly related to the number of basic LPEEC of PDEs, because to each mesh edge 
corresponds a single basic LPEEC. CSS solving time has been compared to COMSOL (AC/DC Module, 
In-plane electric currents, UMFPACK solver) one for the same simulated geometry. Fig. 16 depicts the 
outcome of this comparison: as mesh density increases, CSS overall solving time is from 80 to 25 % 
lower than COMSOL one.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 16. CSS time performance compared to COMSOL as a function of mesh density. The simulated domain is depicted in Fig. 3. 
CSS solving time has been subdivided into two contributions, the one related to mesh processing and netlist creation, and the one 
related to electrical simulation. 
6. Conclusions 
In this work the simulation results of a COMSOL/MATLAB/HSPICE CSS have been compared to 
those of a LPEEC fitting approach: the use of approximated incremental functions for PDE basic 
equivalent circuits leads to slightly higher NRRS than LPEEC fit. Moreover, a technique to quantify 
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measurements set-up parasitic elements and to include them in the whole system equivalent circuit has 
been proposed, both for short-circuit and open-circuit parasitic elements. The process to create a PDE 
capable to retain mesh-based geometrical information has been presented, and its influence on the CSS 
solving time has been assess by comparison with COMSOL simulation, obtaining a CSS time-to-solution 
lower than COMSOL one for each tested mesh density. 
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